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Abstract 
Various industrial applications use jet impingement against surface to provide an effective mode of 
heat transfer. Its application includes, but not limited to, heat treatment, thermal management of optical 
surfaces for defogging, cooling of critical machinery structures, and rocket launcher cooling. In this 
study, numerical analysis of various heat transfer configurations of jet impingement on a semi-circular 
surface is carried out. These configurations were compared on the basis of effective heat transfer by 
achieving higher Nusselt number and lower surface temperature as convection heat is becoming the 
dominant phenomenon. The numerical model was developed for considering the application of a  uniform 
heat flux on a curved surface subjected to jet flow that simulating an internal channel under cooling. The 
results found to be in agreement with the literature experimental data. To gain more insight on the 
underlining physics of the flow, a sensitivity analysis on the jet impingement configuration and flow 
conditions were conducted and was demonstrated to the inner cooling of the 1st stage gas turbine blade.  
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1. Introduction  
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In gas turbine inner blades cooling is crucial to extend the fatigue life and improving the 
turbine efficiency. Jet cooling study to inner blade cooling however are a few in number. 
Numerical modelling of jet impingement on curved surfaces is very challenging due to the 
complex interaction of the flow entrainment and strong streamline curvature. Development 
of turbulent layer has high significance on the overall flow on a surface curvature. Elnajjar 
et al. [1] experimentally analyzed the internal channel cooling via jet impingement and 
compared the side and central jet configurations. The complixity of the experimental set up 
however made it impossible to carry a detailed sensitivity study. E. Öztekin et al. [2] 
conducted an experimental and numerical study to investigate turbulent slot jet 
impingement cooling on concave plates with varying surface curvature. In their 
experiment air was used as the impingement coolant. They concluded that the average and 
stagnation point Nusselt (Nu) number increased as Reynolds number is increased. The best 
cooling performance is obtained for R/L = 1.3 in their study. E. Öztekin et al. [3] studied 
experimentally and numerically the hydrodynamic characteristics on a concave surface 
subjected to a slot jet flow impinging. They used a flat plate and six different concave 
plates with varying surface curvature. 
 
Nomenclature 
B   [m] Slot jet width 
C1,C2,Cμ   [-] Closure coefficients for the turbulence equation 
D   [m] Diameter of circular concave surface 
H   [m] Jet-to-target distance 
i   [-] Turbulence intensity 
k   [W/mk] Thermal conductivity 
Nuavg   [-] Average Nusselt number 
P   [Pa] Pressure 
q   [W/m2] Plate heat flux 
Re   [-] Reynolds number 
s   [m] Distance from the stagnation point along the concave surface 
T   [k] Temperature 
u, v   [m/s] Velocity components 
Special characters 
Ф   [-] Dependant variable 
ρ   [kg/m3] Density 
ε   [m2/s3] Turbulent energy dissipation rate 
μ1,μ2    Laminar/molecular Viscosity; turbulent/eddy viscosity 
K,ε    Turbulent kinetic energy, Turbulent dissipation 
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E. Öztekin and coworkers found that the experimental results are in good agreement with 
the numerical results when enhanced wall functions and the k-ε turbulence model in the 
basis of local variation of the pressure coefficient.  Increasing the dimensionless nozzle-to-
surface distance resulted in a reduction in the pressure coefficient (Cp) at the stagnation 
point. A numerical study of both heat transfer characteristics and flow field of a slot 
turbulent jet impinging on a concave surface with constant heat flux has been carried out 
by Y.T. Yang et al. [4]. Computational results show that the maximum value of Nu was 
attained at the stagnation point. The maximum discrepancy however  was within 15% for 
the local Nu number. Hamdan et al. [5] performed the experimental and numerical 
analysis of confined slot jet impingement on semi-circular heated surface at various Re 
number.  
Sharif and Mothe [6] investigated the performance of various turbulence models to predict 
the convective heat transfer for slot jet impinged on flat and concave surface. They stated 
the importance of turbulence modeling as results of specific model  were more accurate 
when the impingement surface is outside the jet potential core. Yet, when the surface was 
inside the potential core of the jet then results for the Nu demonstrated larger 
discrepancies and variation in the impingement region, as their  models over-predicted the 
Nu number in that region. However, the Nu number prediction is fairly accurate in the 
wall jet region. Choo et al. [7] studied the micro-scale jet impingement on heated flat plate 
and determined the heat transfer characteristics using experimental data correlations on 
local and average Nu number as a function of Reynolds number and nozzle-to-plate 
spacing. CFD, using Reynolds-averaged Navier-Stokes (RANS), coupled with the 
turbulence model has become an important standard design and analysis simulation tool. 
Isman et al. [8] in implementing different turbulence model they  found that the standard 
and RNG k-Ɛ models can produce accurate results over the impingement surface. 
 
In the present work, analysis is carried out on unconfined jet which is impinged on the isothermal 
concave semi-circular surface and comparison is made between side and central jet configuration on the 
basis of average Nu number at different Re numbers. Additionally, parametric study of unconfined slot-
jet impingement on the semi-circular surface was carried out for different Re number and geometric 
parameters such as jet to surface spacing. The geometrical configuration is based on the experimental 
setup of Emad Elnajjar et al. [1]. The numerical analysis are developed in the framework of Ansys 
Fluent14.5. The average Nu number and the maximum achieved surface temperature are used to examine 
the performance and for comparison purposes. 
 
2. Problem Setup 
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Central Jet         Side Jet  
Fig. 1 shows the slot jet impingement on the curved surface for side and central jet 
configurations. The experimental settings consisted of slot jet of 10 mm width impinging a 
semi-circular concave surface of 100mm diameter that is subjected to a fixed heat flux (q) 
value of 3,000 W/m2. Firstly, the comparison for two jet configurations is made, i.e. Side 
and Central. Secondly, four positions were considered for jet to target the spacing (h/B) of 
the center jet configuration evaluated at various Re. Re is defined on the basis of jet inlet 
velocity where analysis is performed for numerous velocities ranging from 5-65 m/s. 
Parametric modelling is performed by considering different set of values of greater 
influence to the jet cooling, amongst these are: the jet Re and the spacing between the jet 
exit and the impingement surface. Re value depends on jet velocity that ranges from 5 to 65 
m/s Spacing sensitivity is performed by using four positions away from the impinging 
surface as summarized in Table 1 and depicted in Fig 1. Air is used as cooling fluid with 
the following nominal values summarized in Table 2. 
 
 
 
 
 
Fig. 1 The configuration of jet impingement distance along with the discretized mesh 
 
Table 1. Jet Impingement distance from the nozzle till semi-cylinder surface 
 
 
 
* r is the radius of the semi-circular surface 
 
Table 2 Nominal values of the property of the air 
 
Property Density  Specific Heat at constant pressure Cp Thermal Conductivity K Prandtl Number Pr Viscosity  
Value  1.225 Kg/m3 1006.43 Nm/kg k  0.0242 W/m-k 0.744 1.029 e-4 Kg/ms 
 
3. Governing Equations 
 
Numerical simulation of impinging jet involves the application of conservation laws of the 
mass (continuity), momentum and energy for the discretized control volume domain. Each 
conservation equation is solved at every finite volume iteratively until the desirable 
convergence in flow parameters is achieved. Due to high computational demand, the 
modelling is done by considering two dimensional domains simulating an infinite length 
configuration which does not compromise the physical aspect of the problem. Steady state 
solution is pursued until an asymptotic convergence for the continuity, x and y momentum, 
energy and turbulence dependent variables (k and H) are reached, The steady state 
continuity and momentum equations governing the thermal fluid system are given below: 
 
Nozzle Distance From impinging surface * * * r * 
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Where i and j are the direction indices in x and y, μl is the molecular viscosity, the term 21uuU is denoted 
as Reynolds stresses and is expressed by the eddy viscosity model as: 
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Where μt is the eddy viscosity, k is the turbulent kinetic energy that equated to iiuu '' . μt is commonly 
modelled as: 
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Where Cμ is a tunable empirical constant and k is as defined earlier giving to provide two transport 
equations to each of k and ε to close the kinetic system of equation. The energy equation is also coupled 
through the velocity and temperature as well as the density and is written as:  
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The k-Ɛ turbulence model is used which consists of two equations model of transport type for each of k 
and Ɛ. The first transported variable is turbulent kinetic energy k that determines the energy in the 
turbulence and second transported variable is turbulent dissipation Ɛ which determines the scale of 
turbulence. The two transport equations for k and Ɛ are described as follow:  
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Where μt is as defined earlier, and Cs are empirically determined constants with the following common 
values C1=1.4, C2=1.9, Cμ=.09, σε=1.3, σk=1.0; 
 
4. Boundary Conditions and  Mesh Sensitivity: 
 
The above system is subjected to appropriate inlet flow condition of a fixed mass, temperature and out 
flow condition of atmospheric pressure. The solution also started with none-trivial initial conditions and 
several thousands of iterations. The system is solved within the frame work of Ansys/Fluent V12 in 
which the system is discretized into a structured mesh of multiple blocks using finite volume approach 
and is iteratively solved for each of u, v, p, ρ and T subjected to stability, and consistency consideration. 
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The numerical computation is performed by applying finite volume principle on the governing 
conservation equation of mass, momentum and energy equations subjected to inlet (total conditions: 
velocity, turbulence, temperature) outlet (or zero gradient and static pressure) and surface no slip (zero 
velocity and surface flux) boundary conditions. These equations are solved in a sequence using an 
iterative scheme. The convective fluxes are discretized using 2nd order upwind scheme and the diffusion 
term following a centralized 2nd order scheme. The convergence is achieved when value of scaled 
residuals of continuity, energy and momentum equation reached as low as 10-10. A mesh sensitivity study 
is carried out first to show the level of solution independency and the results are summarized in table 3.  
 
Table 3 Mesh sensitivity study 
 
No. of Elements Mesh Distribution Relative Error in T and Nu 
32,759 Baseline 0.53%; 3.5% 
132,358 Refined 1 - 
16,728 Coarse 0.9%; 10.3 % 
 
 
5. Results and Discussions:  
 
A comparative study between central and side jet configuration is made on the basis of 
average Nu Number and average Surface temperature. Fig.4 (a) shows the comparison of 
Local Nu Number of Central and Side jet configuration corresponding to an inlet jet 
velocity of 5 m/s. Local Nu number is highest at the impingement point due to the local 
thinning of the boundary layer. The decrease in local Nu number along the curved surface 
is due to the boundary layer growth along the surface. It is observed that Nu number 
decreases along the curve length in both side and central jet configurations. The local Nu 
number in case of Central jet configuration is higher as compared to side jet configuration.  
As in case of central jet configuration, after impingement with the surface two boundary 
layers grows at each side so on both sides heat transfer is better until boundary layer is 
fully developed. Fig.4 (a), shows the computed local Nu number and surface temperature 
for the two configurations, respectively. Comparison of Side and Central Jet configuration 
is made for different inlet jet velocities on the basis of average Nu number and average 
temperature as depicted in fig.4 (b). It is observed from fig.4 (b) that the average Nu 
number for side jet is higher than the central jet. In the case of central jet, however, the 
local Nu number is higher at the impingement surface and drops off gradually as shown in 
Fig.4 (a). Hence, central jet is more effective when compared to Side jet configuration 
because, the Local Nu Number drops off smoothly in contrast to the side jet configuration.  
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Fig.4 (a) Local Temp and Nu Number along the curved surface for side and Central Jet. Fig. (b) The average Nu number and Temp 
at different inlet velocities 
Sensitivity study is carried out to observe the effect of nozzle end to jet impingement surface distances 
for the central jet configuration. Fig.5 depicts the surface average Nu number against jet velocity for the 
five different jet configurations. Decreasing nozzle end to jet impingement distance, i.e. H/B value, lead 
to an increase in the average Nu number, consequently a lower surface temperature. The reason for an 
increase in the Nu number with the decrease in the H/B ratio is the thinning of boundary layer and shear-
layer. Consequently, heat transfer of the jet with heated concave surface increases. It is observed that with 
the increase in the Re number, the difference between the five configurations grew more pronounced. The 
reason is that with the increase in Re number, the turbulence level increases and the thickness of the 
boundary layer decreases leading to an increase in the Nu number along the surface due to increase in 
convection strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Average Nu number for different Nozzle end to jet impingement surface for different jet inlet velocities 
6. Turbine Blade Cooling 
Recurring efforts are evident by the gas turbine designers and  combined cycle power plant engineers 
in achieving 60% power efficiency. In Japan a 59.1% efficiency is attainded on an M701G2 gas turbine at 
the 1,500 MW Tokyo Electric Kawasaki power station [9]. Several OEMs are currently working together 
in reaching higher than 60% efficiency for gas turbines in combined cycle.  Liu et al. carried out a 
numerical studyon the film composite cooling on blade’s leading edge  and impingement for gas turbine 
[10]. They found that the external film cooling effectiveness distribution varies rapidly with the blowing 
ratio and the film hole spanwise angle. A new designed gas turbine guiding vane was carried out by Wang 
et al. [11]. They found that the cooling effectiveness of the test vane is uniformly distributed for the new 
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designed guiding vane. Wróblewski studied supercritical steam turbine blade cooling numericaly [12]. He 
found that a high level of turbulence resulted in a higher blade surface temperature, particularly on the 
leading edge where temperature reaching maximum value. Increasing turbine efficiency is of a primary 
interest in gas turbine design. Some solutions include blade bypass cooling, thermal barrier coating, 
leading/trailing edges blowing [13]. Thermal barrier coating, impingement and advanced material are 
techniques toward improving the turbine efficiency.  
 
These solutions help to maintain the surface blade temperature below a threshold, at which the blades 
begin to erode by the incoming combustor thermal streak and endured thermal and mechanical stresses. 
Accommodating higher inlet temperature lead to a higher turbine efficiency (Carnot efficiency: η = 1 – 
(Tlow/Thigh)) [14]. However operating at high temperatures decreases the life of the gas turbine engine 
and increases its operating costs. In contrast over cooling the blade conflicts the objectives therefore 
necessitate turbine blade design decisions which considers trade-offs between the objectives [15]. The 
mechanism of intercooling the blades is to bypass part of the compressed air through the turbine rotor 
blades shaft and circulate it within the inner blade’s core serpentine. This results in a lower thermal blade 
loading and enables operating the blades at higher inlet temperature, which eventually enhance the 
thermal and overall efficiency [16]. Several configurations have been considered and their thermal 
signatures have been compared and two configurations are presented here: I) A baseline solid blade 
geometry with blade intercooling serpentine with farther jet flow, and II) same blade incorporating a 
closer jet flow between the cooling channels. The blades geometry and condition are described elsewhere 
by the authors [17] simulating CFM56-3 turbofan turbine conditions (Ptin=360psi, Tin=1500oK, 
Pstout=200psi). The inner channels are subjected to same mass flow conditions (V=25, 50, 75 & 100m/s at 
T= 500oK). Contours of the resulted temperature field are depicted in fig 6 (a) which clearly shows the 
efficiency of the jet due to the formulation of more pronounced vortex flow within each inner cooling 
channel and suppress the growth of kinetic and thermal boundary layers. Fig 6 (b) shows the average 
pressure and suction side’s temperature and Nu number presented as a plot, which shows a significant 
reduction in blade’s surface temperature and gain in the average Nu number. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 (a) Comparison of the evaluated temperature field for inner cooling turbine blade, with and without jet serpentine subjected to 
same conditions. (b) The average pressure and suction sides temperature and Nu number 
7. Conclusion 
Jet impingement cooling on the semi-circular concave surface was analysed numerically subjected to 
a constant heat flux applied to the surface. The model is based on Navier-stoke equations coupled with 
3228   Abdulla R. Al Ali and Isam Janajreh /  Energy Procedia  75 ( 2015 )  3220 – 3229 
energy in none isothermal of steady turbulent (K-Ɛ model) flow. A comparison of side jet and central jet 
configurations are made at different Re number and different jet to wall distance. The comparison is made 
on the basis of localized and average values for Nu number and temperature along the surface for 
different configurations. The results revealed that the average temperature along the surface for central jet 
is lower than the side jet whereas the distribution of Nu number along the surface in case of central jet is 
smoother. The highest localized Nu is observed near the impingement point and tends to decrease away 
from the stagnation point. As results of the jet to surface spacing shows an increase in the spacing of Jet 
to impingement surface reduces the Nu number these observation are implemented for the gas turbine 
blade. A judicial implementation of turbine blade jet cooling can lead to significant efficiency 
improvement and nearly over 20% reduction in the average blade surface temperature. 
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